unique residues compared to the non-mucus-inducing strains A2 and Long, at positions 79, 191, 357, 371, and 557. We hypothesized that differential fusion activity is a determinant of pathogenesis. In a cell-cell fusion assay, line 19 F was more fusogenic than Long F. We changed the residues unique to line 19 F to the corresponding residues in Long F and identified residues 79 and 191 together as responsible for high fusion activity. Surprisingly, mutation of residues 357 or 357 with 371 resulted in gain of fusion activity. Thus, we generated RSV F mutants with a range of defined fusion activity and engineered these into recombinant viruses. We found a clear, positive correlation between fusion activity and early viral load in mice; however, we did not detect a correlation between viral loads and levels of airway mucin expression. The F mutant with the highest fusion activity, A2-line19F-K357T/Y371N, induced high viral loads, severe lung histopathology, and weight loss but did not induce high levels of airway mucin expression. We defined residues 79/191 as critical for line 19 F fusion activity and 357/371 as playing a role in A2-line19F mucus induction. Defining the molecular basis of the role of RSV F in pathogenesis may aid vaccine and therapeutic strategies aimed at this protein.
H uman respiratory syncytial virus (hRSV according to the International Committee on Taxonomy of Viruses; often abbreviated RSV) is a negative-sense, nonsegmented, and singlestranded RNA virus in the Paramyxoviridae family. RSV is the most important viral lower respiratory tract pathogen for infants, causing 16 times more hospitalizations than influenza virus in children under 1 year old (1) . There is currently no vaccine licensed to prevent RSV infections; there is also a need for additional therapies, and further knowledge of RSV pathogenesis will enhance efforts toward these goals.
Strains of RSV exhibit differential pathogenesis in the BALB/c mouse model of RSV disease (2) (3) (4) . A strain called line 19 was originally isolated in 1967 and then passaged in primary chick kidney cells, as well as primary chick lung cells, prior to 72 passages in human MRC-5 fibroblast cells (5) . Line 19 exhibits enhanced pathogenesis in mice compared to that in commonly studied laboratory strains A2 and Long (2, 3) . This virus strain was sequenced and found to encode 10 amino acids differing from RSV strain Long, six of which are located in the fusion (F) protein (3) . Of those six amino acids, five remained unique to line 19 F when the sequence was additionally compared to the A2 F protein (3) . Furthermore, these five point mutations are exclusive to line 19 F compared to virtually all other complete RSV F protein sequences in GenBank, suggesting that line 19 is derived from a unique passage history (see Fig. S1 in the supplemental material). None of the residues unique to line 19 F are located in the currently described RSV F antigenic sites (6) . Based on the overall striking degree of identity of strains line 19 and Long (16 nucleotide and 10 amino acid differences), it is likely that line 19 is a laboratory passage variant strain derived from the Long strain.
Chimeric strain A2-line19F, composed of the F protein of strain line 19 in the genetic background of strain A2, displays disease symptoms in BALB/c mice that more closely mimic human disease than those of other RSV strains (3) . Features of A2-line19F pathogenesis in BALB/c mice include high levels of airway goblet cell hyperplasia, a relatively high peak viral load, airway hyperreactivity, and increased breathing effort compared to that caused by the A2 strain and a chimeric virus harboring the F protein of the Long strain in an A2 strain genetic background (3, 7) . Airway mucin induction leading to airway plugging is considered an important sequelae of RSV disease in infants (8, 9) . The F mutations unique to line 19 are located at F positions 79 in the F 2 subunit, 191 in heptad repeat A, 357 and 371 in the F 1 subunit, and 557 in the cytoplasmic tail. We hypothesize that these residues singly or in combination contribute to the differential pathogenesis of chimeric RSV strains A2-line19F and A2-LongF by a fusion activity-based mechanism. The RSV F protein, like other paramyxovirus F proteins, is responsible for virus-cell fusion as well as for fusion of infected cells with neighboring cells (10) . A generally accepted model for paramyxovirus fusion involves insertion of a hydrophobic fusion peptide into the opposing cell membrane in conjunction with major conformational changes, which lead to refolding into a postfusion conformation and membrane merger (6, (11) (12) (13) (14) . Studies have defined domains and specific residues important for fusion activity of RSV F (15) (16) (17) (18) (19) (20) ; however, the impact of fusion activity on paramyxovirus pathogenesis is not well understood. A pair of reports on Sendai virus demonstrated residues in heptad repeat A of F that enhance or dampen fusion activity and modulate pathogenesis (21, 22) . A hyperfusogenic mutation in Sendai virus F resulted in greater pathogenesis and mortality than the wild-type virus in the DBA/2 mouse model used, while a hypofusogenic mutation resulted in lessened mortality and pathogenesis compared to those of the wild-type virus (21) .
The A2-line19F BALB/c mouse model of RSV pathogenesis recapitulates airway mucin induction seen in human disease. Using this model and reverse genetics, we changed, singly or in combinations, the unique F residues in line 19 F to the corresponding residues in the Long strain F, a laboratory strain that is nonmucogenic. We identified residues in F that modulate fusion activity. Higher fusion activity in vitro correlated with greater lung viral loads in mice. We also identified F residues that contribute to airway mucin expression and found that mucin induction did not correlate with fusion activity or viral load, suggesting an alternative mechanism for this aspect of pathogenesis. Defining RSV F residues that affect fusion and pathogenesis may guide targeted therapies and rational vaccine designs.
MATERIALS AND METHODS

Cells and mice.
HEp-2 and 293T cells were obtained from ATCC and cultured in minimal essential medium (MEM) containing 10% fetal bovine serum (FBS) and 1 g/ml penicillin, streptomycin, and amphotericin B (PSA). BEAS-2B bronchial epithelial cells were cultured in RPMI containing 10% FBS and 1 g/ml PSA, as described previously (4) . BSR-T7/5 cells were a gift from Ursula Buchholz (National Institutes of Health, Bethesda, MD) and Karl-Klaus Conzelmann (Ludwig-Maximilians University Munich, Munich, Germany) and were cultured in Glasgow's minimal essential medium (GMEM) containing 10% FBS and 1 g/ml PSA and supplemented with 1 mg/ml Geneticin every other passage, as described previously (23) .
Seven-week-old female BALB/c mice were obtained from the Jackson Laboratory (Bar Harbor, ME). Mice were housed in specific-pathogen-free facilities, and all animal procedures were conducted according to the guidelines of the Emory University Institutional Animal Care and Use Committee.
Plasmids. Human codon bias-optimized line 19 F and Long F cDNAs were obtained from GeneArt (Life Technologies, Grand Island, NY) and cloned into pcDNA3.1 ϩ expression vector (Life Technologies). Sequences were based on GenBank nucleotide accession numbers FJ614813 (line 19) and FJ614815 (Long) (3). Site-directed mutagenesis was used to mutate residues 79, 191, 357, 371, and 557 in the pcDNA-line19F plasmid to the corresponding residues in the Long F sequence. Plasmids used to express codon-optimized RSV N, P, M2-1, and L were described (24) . DSP 1-7 and DSP [8] [9] [10] [11] plasmids were a gift from Naoyuki Kondo (25) .
A bacterial artificial chromosome (BAC), which harbors the A2-line19F antigenomic cDNA, was previously described (24) . We generated mutants of the A2-line19F virus strain at positions F79, F191, F357, F371, F557, F79/191, and F357/371 by using the recombination-mediated mutagenesis method we described previously (24) . Sequences of primers used to amplify galK with RSV homology arms and oligonucleotides homologous to RSV antigenome flanking nucleotides undergoing mutagenesis are available upon request. M79I/R191K and K357T/Y371N double mutants were made by sequential mutagenesis of the BAC at each residue. The RSV F sequence of each BAC was confirmed to contain only the desired mutation prior to proceeding with virus rescue.
Rescue of recombinant viruses. Recombinant RSV rescue using the BAC constructs and codon-optimized helper plasmids has been described (24) . Briefly, each BAC was cotransfected into BSR-T7/5 cells with helper plasmids encoding codon-optimized RSV N, P, M2-1, and L using Lipofectamine 2000 (Life Technologies). Transfected cells were passaged until visible cytopathic effect affected a majority of the cells. The transfected cells were then scraped in their medium and frozen. The harvested material was passaged onto HEp-2 cells at 37°C to generate master and working stocks, as described elsewhere (4) . Viral RNA was extracted from working stock samples using the QIAamp viral RNA minikit (Qiagen, Valencia, CA), and F-specific RNA was reverse transcribed using primer F-r (3). F cDNA was amplified using primers F-f and F-r, followed by sequencing to confirm that only the desired mutations were present (3). All viruses rescued in BSR-T7/5 cells, but after 4 failed attempts to grow at 37°C, A2-line19F-K357T/Y371N master and working stocks were grown at 32°C to generate virus titers high enough for experimentation. High-titer (1 ϫ 10 8 PFU/ml) working stocks of A2-line19F-K357T/Y371N were generated similarly to virus stocks grown at 32°C, except, at the time of harvest, medium was removed until only 5 ml of growth medium remained in the T-175 flask. Cells were scraped in that 5 ml and then sonicated, centrifuged, and aliquoted as previously described (4) .
Generation of F protein models. F structure models are based on the recently published pre-or postfusion F coordinates in the Protein Data Bank (PDB; accession numbers 4JHW and 3RRR) (6, 11) . Mac PyMol and UCSF Chimera programs were used for modeling and presentation (26) .
Multistep virus growth curves. Subconfluent BEAS-2B cells in 6-well plates were infected at a multiplicity of infection (MOI) of 0.01 with each virus at room temperature with rocking for 1 h. After the hour of incubation, the inoculum was removed and cells were washed with phosphatebuffered saline (PBS) before 2 ml RPMI supplemented with 10% FBS and 1 g/ml PSA was added to each well. At 12, 24, 48, 72, 96, or 120 h postinfection, one well of cells infected with each virus was scraped in the medium, aliquoted, and frozen at Ϫ80°C. After all samples were collected, viral titers were determined by immunodetection plaque assay, as previously described (4) .
Dual-split protein fusion assay. The dual-split protein (DSP) cell-cell fusion assay was previously described (15, 23) . Nearly confluent 293T cells in 6-well plates were transfected using Lipofectamine 2000 with 2 g each of either DSP 1-7 and F expression construct or with DSP [8] [9] [10] [11] in the presence of the fusion inhibitor BMS-433771 (provided by Jin Hong, Alios Biopharma, San Francisco, CA) (27) . Twenty-four hours posttransfection, DSP 1-7 /F-containing cells were washed in PBS and harvested by pi-petting in medium containing EnduRen live-cell substrate (Promega, Madison, WI). DSP [8] [9] [10] [11] -transfected cells were similarly harvested. Equal volumes of each set of cells were mixed and aliquoted into four wells each of an opaque 96-well plate or clear 96-well plate. The plates were incubated at 37°C, and luciferase activity in the opaque plate was recorded on a TopCount Luminescence counter (PerkinElmer, Waltham, MA) at 4, 6, and 8 h post-cell plating. In addition, images of green fluorescent protein (GFP)-expressing syncytia were captured at 8 h post-cell plating in the clear plate.
F protein total and surface expression determination. Nearly confluent 293T cells in 6-well plates were transfected using Lipofectamine 2000 with 2 g of each F construct in the presence of BMS-433771 RSV F inhibitor. Twenty-four hours posttransfection, cells were washed in PBS and harvested for either Western blotting or flow cytometry. For Western blots, cells were lysed in 200 l radioimmunoprecipitation assay buffer (RIPA; Sigma-Aldrich, St. Louis, MO) buffer containing Halt protease inhibitor cocktail (Thermo Scientific, Waltham, MA). Lysates were cleared by centrifugation at 12,000 ϫ g for 5 min and frozen until use. Lysates were loaded onto 10% SDS-PAGE gels and separated via gel electrophoresis. Proteins were transferred to polyvinylidene fluoride (PVDF; Bio-Rad, Hercules, CA) membranes and detected using an RSV F-specific monoclonal antibody, motavizumab (generously provided by Nancy Ulbrandt, MedImmune), and a horseradish peroxidase (HRP)-conjugated anti-human secondary antibody (Jackson ImmunoResearch, West Grove, PA) (28) . SuperSignal West Femto chemiluminescent substrate (Thermo Scientific) was used for signal detection. Antibodies were stripped and membranes reprobed with anti-GAPDH clone 6C5 (Life Technologies) and HRP-conjugated anti-mouse secondary antibody (Jackson Immu-noResearch). For flow cytometry, the transfected 293T cells were harvested in PBS by pipetting from the well and transferred to fluorescenceactivated cell sorting (FACS) tubes. Cells were washed in PBS containing 2% FBS and 0.1% sodium azide and stained using the RSV F-specific monoclonal antibody palivizumab and a phycoerythrin (PE)-conjugated anti-human secondary antibody or human IgG1, K isotype control (both from Southern Biotech, Birmingham, AL) (29) . Flow cytometric analysis was performed using a Becton Dickinson LSRII flow cytometer, and data were analyzed using FlowJo software (Tree Star Inc., Ashland, OR).
In vivo viral load determination, pathology, and mucus induction. For viral load determination, histopathology, and mucus induction, 7-week-old BALB/c mice were infected with 10 5 PFU (hypofusogenic viruses) or 10 6 PFU (hyperfusogenic viruses) of virus. On day 1, 2, 4, 6, or 8 postinfection, mice were euthanized and the left lung was harvested for viral load. Lungs were homogenized using a mini-beadbeater, and virus was titrated by immunodetection plaque assay as previously described (4) . For quantification of airway mucin and histopathology analysis, 7-weekold female BALB/c mice were infected with 10 6 PFU of virus or mock infected. On day 2, 4, or 8 postinfection, both lungs were harvested and fixed in 10% formalin overnight. Following embedding in paraffin blocks, 5-m-thick sections of each pair of lungs were mounted onto slides and stained with periodic acid-Schiff (PAS) stain or hematoxylin and eosin (H&E). A pathologist blinded to the experimental groups scored the H&E-stained slides for histopathological changes. Scoring for eosinophil recruitment (numbers surrounding arterioles) was as follows: 1 ϭ 1 to 10, 2 ϭ 11 to 30, 3 ϭ 21 to 30, 4 ϭ 31 to 40. Perivascular cuffing was scored as follows: 1 ϭ 1 cell layer, 2 ϭ 2 to 4 cell layers, 3 ϭ 5 to 9 cell layers, 4 ϭ 10ϩ cell layers. Interstitial pneumonia was scored as based on how thick the alveolar septa appeared, with each score representing the number of leukocyte thickness. Slides were scanned using a Mirax-Midi microscope (Zeiss, Thornwood, NY), as described previously (4) . PAS staining was quantified by annotation using HistoQuant software (3D Histotech, Budapest, Hungary), as previously described (4) .
For weight monitoring, groups of 10 8-week-old BALB/c mice were infected with 5 ϫ 10 6 (data not shown) or 1 ϫ 10 6 PFU A2-line19F or various doses of A2-line19F-K357T/Y371N (5 ϫ 10 5 , 1 ϫ 10 6 , 5 ϫ 10 6 , or 1 ϫ 10 7 PFU) or mock infected. Weights were measured daily, and body weight was calculated as a percentage of day 0 preinfection weight. On day 8 postinfection, mice were euthanized and left lungs were harvested for homogenization by a mini-beadbeater. Right lungs were sectioned and PAS stained to determine mucin induction. Homogenates from the groups of 5 ϫ 10 6 PFU were used in a mouse 20-plex Luminex assay (Invitrogen). Assays were performed as directed by the manufacturer, and detection was performed on a Luminex 200 analyzer. Day 1 postinfection lung homogenates from the hyperfusogenic virus viral load time course (see above) were pooled and used in an enzyme-linked immunosorbent assay (ELISA) to determine interferon alpha (IFN-␣) levels. PBL Assay Science (Piscataway, NJ) mouse interferon alpha ELISA was performed as directed by the manufacturer's instructions.
RESULTS
In vitro fusion activity. Previous work showed that RSV expressing the F protein of strain line 19 exhibits greater viral load and airway mucin induction in BALB/c mice than RSV expressing the F protein of strain Long and identified five amino acids unique to the line 19 F protein compared to the F proteins of RSV strains A2 and Long ( Fig. 1A) (3). We sought to understand how the line 19 F protein was responsible for the differences in pathogenesis between strains A2-line19F and A2-LongF. Modeling the unique line 19 F residues on the recently crystallized structures of pre-or postfusion RSV F posits residues 79 and 191 at a lateral face of the prefusion F head, which undergoes major conformational changes during the fusion process ( Fig. 1B) (6, 11) . In contrast, residues 357 and 371 are predicted to reside in close proximity in the base of the F head that remains conformationally intact during F refolding. Accordingly, the F rearrangements do not reposition these residues relative to each other in the structural models. Based on these predictions, we also chose to study 79/191 and 357/371 double mutants due to the location of these residues in the pre-and postfusion structures of F (Fig. 1B) .
In order to test our hypothesis that the F proteins from line 19 and Long strains have different fusion activities, we employed a dual-reporter cell-to-cell fusion assay (15, 23) . We first determined if the line 19 and Long F proteins exhibit any differences in total or surface F expression. We measured total F expression by Western blotting ( Fig. 2A ) and surface F expression by flow cytometry ( Fig. 2B) . While total and surface expression of Long F was slightly greater than line 19 F, these differences were not statistically significant ( Fig. 2A and B) . We quantified the cell-to-cell fusion activity of these two proteins using a dual-split protein (DSP) fusion assay. The DSP assay was initially described for use in HIV research (30) but has been used for determining RSV fusion activity (15, 23) . In brief, one DSP plasmid expresses the amino terminal portion of Renilla luciferase as well as a portion of GFP, while the other DSP plasmid expresses the remaining portions of both proteins. Major benefits to this system are that the F proteins themselves are not modified by attachment of reporter constructs and that fusion is monitored both visually and quantitatively. When cell content mixing occurs via F-mediated fusion, the two DSPs associate and both GFP expression and luciferase activity are measurable. Using this assay, we found that line 19 F had higher fusion activity than Long F ( Fig. 2C and D) , consistent with our primary hypothesis that fusion activity of line 19 F is a determinant of pathogenesis.
We next determined which residue differences between line 19 F and Long F are critical for the differential fusion activity observed by changing the residues in the line 19 F protein to the corresponding residues in Long F. We found no significant differ-ences from line 19 F in total or surface expression of the F mutants ( Fig. 2A and B ). Western blots also indicated no deficiencies in cleavage of the F mutants (data not shown). Quantification of the cell-cell fusion activity of these mutants revealed that the M79I, R191K, Y371N, and I557V mutations had no effect on the cell-tocell fusion activity of line 19 F (Fig. 2C ). The M79I/R191K double mutant displayed fusion activity lower than that of line 19 F, similar to that of Long F, indicating that these residues in combination are important for the fusion activity of line 19 F ( Fig. 2C and D) . The K357T mutation increased the fusion activity of line 19 F ( Fig.  2C and D) . This finding was an unexpected gain of function. Additionally, the K357T/Y371N double mutant exhibited even greater fusion activity than the K357T mutant. Taken together, we determined that residues M79 and R191 in combination contribute to the high fusion activity of line 19 F compared to Long F. We also identified residues K357 and K357/Y371 as dampening line 19 F fusion activity relative to that of residues T357 and T357/N371 in F. Viral replication in vitro and in BALB/c mice. We focused our further studies on those mutants that altered line 19 F fusion activity by generating recombinant viruses in the A2-line19F backbone with the K357T, M79I/R191K, or K357T/Y371N mutations. We tested viral growth at a low MOI in a human bronchial epithelial cell line, BEAS-2B. A2-LongF exhibited an initial delay in replication but reached peak viral titers similar to A2-line19F ( Fig.  3) . A2-line19F-K357T and A2-line19F-M79I/R191K replicated similarly to A2-line19F ( Fig. 3) . We did not test the A2-line19F-K357T/Y371N double mutant for growth in BEAS-2B at 37°C, because growth at 32°C was required to generate the stocks for this virus (see Materials and Methods). The A2-line19F-K357T/ Y371N mutant generated large syncytia in vitro, and we used a lower growth temperature in order to limit fusion and increase yield.
We investigated how modulation of line19 F fusion activity affected lung viral load in BALB/c mice. We infected mice with either the highly fusogenic viruses, A2-line19F-K357T and A2-line19F-K357T/Y371N, or the minimally fusogenic viruses, A2-line19F-M79I/R191K and A2-LongF, and quantified viral load relative to A2-line19F. Based on peak virus stock titers obtainable in cell culture, we used a lower dose (1 ϫ 10 5 PFU/mouse) of the minimally fusogenic viruses than of the highly fusogenic viruses (1 ϫ 10 6 PFU/mouse). The A2-line19F-K357T/Y371N mutant, which displayed the highest F protein fusion activity, exhibited lung viral loads greater than A2-line19F and A2-line19F-K357T on days 1 and 2 postinfection, while both highly fusogenic mutants (K357T and K357T/Y371N mutants) had lung viral loads greater than that of A2-line19F on day 4 postinfection (Fig. 4A) . Conversely, the viruses with the F proteins exhibiting the lowest fusion activities, A2-line19F-M79I/R191K and A2-LongF, had lower lung viral loads than A2-line19F on days 1 and 2 postinfection ( Fig. 4B) . Interestingly, the A2-line19F-M79I/R191K mutant did not have a reduced viral load relative to that of A2-line19F on day 4 postinfection, indicating that fusion activity does not correlate with peak viral loads (Fig. 4B ). Sequence analysis of A2-line19F-M79I/R191K isolated from these lungs at day 4 revealed that the F gene did not revert to parental line 19. There was no difference in viral clearance of any of the strains, which were cleared (as measured by plaque assay) by day 8 postinfection (data not shown). Taken together, these RSV fusion mutant viruses show that in vitro fusion activity correlates with early, but not peak, lung viral loads in BALB/c mice.
Airway mucin expression in BALB/c mice. We investigated the ability of these viruses to induce airway mucin expression by infecting BALB/c mice and performing periodic acid-Schiff (PAS) stains on lung sections. PAS stains mucin and mucin-producing cells, and PAS positivity per airway can be quantified as a measure of mucus induction, as previously published (4, 23) . As previously reported, A2-line19F induced greater airway mucus than A2-Long F (Fig. 5A and C) (3) . Both viruses A2-line19F-K357T and A2-line19F-M79I/R191K induced greater airway mucus than A2-line19F ( Fig. 5A and C) . Thus, fusion activity and viral load did not correlate with levels of airway mucin expression. The virus displaying the greatest fusion activity and viral load (A2-line19F-K357T/Y371N) induced levels of mucus lower than that of A2-line19F and similar to that in mock-infected mice ( Fig. 5B and D) , indicating that residues 357 and 371 act in concert to promote airway mucin expression in this model, though the mechanism is currently unknown. Taken together, these data suggest that neither early viral load nor peak viral load are critical determinants of airway mucin induction in the RSV BALB/c model.
As we observed a marked increase in early viral load in A2-line19F-K357T/Y371N-infected mice compared to A2-line19Finfected mice, we analyzed other parameters of pathogenesis in mice infected with this hyperfusogenic mutant. We infected BALB/c mice with various doses of A2-line19F-K357T/Y371N, a single dose of A2-line19F, or a mock inoculum. By day 2 postinfection, all A2-line19F-K357T/Y371N-infected mice lost significantly more weight than mock-infected or A2-line19F-infected mice (Fig. 6A ). This weight loss and subsequent weight recovery in A2-line19F-K357T/Y371N-infected mice was dose dependent (Fig. 6A ). On day 8 postinfection, we harvested the lungs of the mice infected with multiple doses of A2-line19F-K357T/Y371N and performed PAS staining and found no differences in mucin induction between the groups (data not shown), suggesting that the initial viral inoculum is not directly responsible for the induction of mucin.
Although A2-line19F-K357T/Y371N displayed reduced airway mucin induction compared to that of A2-line19F on day 8 postinfection, mice infected with A2-line19F-K357T/Y371N exhibited enhanced lung lesions on days 2 and 4 postinfection ( Fig. 6B and  C) . A2-line19F-K357T/Y371N-infected mice had higher levels of eosinophils, perivascular cuffing (PVC), and interstitial pneumonia (IP) than A2-line19F-or mock-infected mice on days 2 and 4 postinfection (Fig. 6C) . The enhanced scores reflect greater numbers of eosinophils surrounding arterioles and thickened leukocyte layers surrounding the vasculature and expanding the alveolar septa. The IP and PVC were characterized by infiltration of neutrophils, monocytes, and lymphocytes, with eosinophils also present in the PVC. A2-line19F was previously shown to induce the T h 2 cytokine interleukin-13 (IL-13), which mediates RSV-induced airway mucus expression (2, 3) . Using a multiplex Luminex assay, we measured the levels of the T h 2 cytokines IL-4, IL-5, and IL-13 in lung homogenates from mock-, A2-line19F-, or A2-line19F-K357T/ Y371N-infected mice on day 8 postinfection. Levels of these T h 2 cytokines were lower in A2-line19F-K357T/Y371N lung homogenates than in A2-line19F homogenates, while there was no difference between the groups in levels of the T h 1 cytokine interferon gamma (Fig. 6D) . Although IL-10 was previously shown to be important in regulating a myriad of cytokines during RSV infection (reviewed in reference 31), we found no differences in IL-10 or IL-12p70 levels induced in A2-line19F-and A2-line19F-K357T/Y371N-infected mice (data not shown). Lower IL-13 levels correlate with the lower levels of airway mucus induced by the A2-line19F-K357T/Y371N virus at this time point ( Fig. 5B and  D) . Although A2-line19F-K357T/Y371N induced eosinophils early after infection, the eosinophil numbers abated by day 8 (data not shown), correlating with the lack of IL-5 at this time point. These data show that infection of mice with the hyperfusogenic A2-line19F-K357T/Y371N results in high viral load and pathogenicity but an altered host response compared to that of A2-line19F.
Because the differences in A2-line19F/A2-line19F-K357T and A2-line19F-K357T/Y371N were established by day 2 postinfection ( Fig. 6 ), we hypothesized that differences in innate immune responses could be responsible for the altered pathogenesis. To this end, we measured interferon alpha levels by ELISA in lung homogenates from day 1 postinfection but found no significant differences between the A2-line19F-K357T-and A2-line19F-K357T/Y371N-infected groups (data not shown). These results do not rule out differential innate immune recognition as the cause of altered pathogenesis between the strains but suggest that the differences are not mediated by type I interferon.
DISCUSSION
We utilized RSV strain A2-line19F to identify amino acids critical to the fusion activity of the RSV F protein and showed that modulating fusion activity can result in changing the dynamics of viral load in BALB/c mice. We used an in vitro cell-to-cell fusion assay to identify residues 79/191 in line 19 F as directly contributing to its fusion activity. We hypothesize that the location of these residues in the F structure impacts their influence on fusion activity. Both residues are located in regions that undergo conformational changes during the prefusion to postfusion transition (Fig. 1B) . A recent report highlighted F residue 66, which lies in the same loop as residue 79, as contributing to the fusion activity of RSV strain A2 F (17) . In that study, pathogenesis was not tested, but fusoge- nicity of A2 F could be increased or decreased depending on the residue at position 66 (17) . Based on this recent work along with our results and reports on other paramyxovirus proteins, the loop region of F 2 containing residue 79 appears to be involved in the mechanism of fusion (17, 32, 33) . An individual residue in F 2 was implicated in the differential fusogenicity of wild-type measles virus compared to the Edmonston strain of measles virus (33) . In 2007, Gardner and Dutch demonstrated that in non-Pneumovirus paramyxoviruses, a conserved region in F 2 encompassing residue 79 drastically affected fusion activity in vitro (32) . In addition, for human parainfluenza virus 5, they postulated a potential interaction of this region with heptad repeat A (32) . Our data are consistent with these findings. A single mutation of RSV line 19 F residue 79 in F2 and single mutation of residue 191 in heptad repeat A had no effect on fusion, but mutating both residues resulted in a decrease in fusion activity of line 19 F. In our study, decreasing the fusion activity of A2-line19F by M79I and R191K mutations affected the day 1 and 2 viral loads in mice, suggesting that a certain threshold of fusion activity is important for early pulmonary infection.
We found that residues F357 or F357 together with F371 impacted RSV fusion activity. Mutating F357 from the lysine (K) in line 19 to the threonine (T) in Long unexpectedly resulted in a gain in fusion activity. Based on the core position of this residue in the F structure (Fig. 1B) , our current working hypothesis is that this residue functions as an important determinant for overall conformational stability of the F protein. In our study, we mutated this residue from a basic amino acid, lysine, to uncharged, polar threonine. We speculate that the K-to-T mutation destabilizes the prefusion conformation of RSV F, resulting in a more readily triggered (hyperfusogenic) F protein. The possibility of residue 357 interacting with other internal F residues is implied by our in vitro cell-to-cell fusion assay results with a K357T/Y371N mutant F, which exhibited an even greater hyperfusogenic phenotype. In contrast to the low fusion activity of A2-line19F-M79I/R191K, the highly fusogenic A2-line19-K357T/Y371N exhibited greater viral load than A2-line19F on days 1 and 2 postinfection, leading us to the conclusion that RSV in vitro fusion activity is a determinant of early viral load in mice. The higher viral load, more severe lung lesions, and weight loss caused by A2-line19F-K357T/Y371N make it potentially useful as an RSV challenge strain. Viral load, lung lesions, and weight loss peaked concomitantly at day 4 postinfection with this mutant, whereas RSV viral load typically peaks before disease manifestations in mice infected with other RSV strains. Thus, A2-line19F-K357T/Y371N may be practical for efficacy studies.
Based on several reports implicating viral load as a predictor of disease severity in infants (34) (35) (36) (37) , we hypothesized that in mice, viruses exhibiting high fusion would also exhibit high viral load and be those that induced severe disease. Using mucus expression alone as a marker of pathogenesis, we found this not to be the case, but when we investigated pathogenesis parameters in addition to mucus, the hypothesis was supported. Neither early nor peak viral load correlated with mucus induction. The A2-line19F-K357T/ Y371N mutant virus, with the highest viral load at all time points tested, induced mucus levels similar to those in mock-infected mice (Fig. 4A and 5B ). While these results do not support viral load predicting mucus induction in BALB/c mice, the data do implicate residues K357 and Y371 together as critical for mucus induction by A2-line19F. It is possible that a threshold of viral load is necessary to induce airway mucin expression but that the high viral loads of A2-line19F-K357T/Y371N downregulate a pathway leading to airway mucin expression that lower viral loads fail to downregulate.
In contrast to early lung viral load, the mucus response to RSV did not correlate with F protein activity and likely involves orchestrated innate and adaptive immune responses. RSV strain line 19-induced airway mucin expression in mice has been shown to be modulated by immune regulators, such as CXCR2 (38) , IL-12 (39), Toll-like receptor 3 (TLR3) (40) , CCR1 (41), MyD88 (42), IL-25 (43) , and Beclin-1 (44) . In our study, compared to A2-line19F, the hypofusogenic A2-line19F-M79I/R191K had lower early viral loads, recovered to a peak viral load equivalent to that of A2-line19F, and induced slightly but significantly more airway mucin expression than A2-line19F. Our working hypothesis is that early innate immune responses in part dictate the later IL-13dependent mucus response. We speculate that lower antiviral innate responses to A2-line19F-M79I/R191K pave the way for a somewhat exacerbated mucus response.
In the case of hyperfusogenic A2-line19F-K357T/Y371N, which establishes high early viral loads and lung lesions, our working hypothesis is that robust innate immune responses prime for lower T h 2 cytokines we observed on day 8 postinfection. We initially suspected that the T h 1 cytokine IFN-␥ may be elevated in A2-line19F-K357T/Y371N-infected mice, but this was not the case. We are currently investigating what type of innate immune regulators might be differentially activated by A2-line19F-K357T/ Y371N compared to A2-line19F. Initial studies measuring early type I interferon levels point away from a type I interferon-mediated difference. Additional studies are needed to characterize the host response to this pathogenic RSV strain. In the case of A2-line19F-K357T, a mutant with higher fusion activity than that of A2-line19F but not as high as that of the 357/371 mutant, we observed higher peak viral loads and higher mucin expression levels than those of A2-line19F. As the early (day 1 and day 2) viral loads of the K357T mutant did not differ significantly from those of A2-line19F, we speculate that the innate response to this mutant is not qualitatively altered and that the exacerbated mucus response may be due to elevated peak antigen load and a quantitative T h 2 response. Thus, our model posits that a substantial peak viral load is required for airway mucin expression, consistent with A2-LongF being nonmucogenic, but that early host responses to a more virulent strain (A2-line19F-K357T/Y371N) can set the stage for lower T h 2 cytokine and mucin expression.
Single amino acid mutations in F resulting in modulated fusion activity and alterations in pathogenesis are not unprecedented for paramyxoviruses. A study published in 2010 showed that mutation of a single amino acid in Sendai virus F, which created a hyperfusogenic mutant, was also linked to enhanced pulmonary inflammation in vivo (21) . A more recent report on parainfluenza virus 5 described a mechanism by which a single amino acid mutation in F causing greater fusion activity also resulted in differential recognition of the virus by the complement pathway (45) . We showed that two amino acid changes in F dramatically altered the host response to RSV. Furthermore, we identified regions of F (residues 79/191 and 357/371) outside the 5 described antigenic sites (6) that modulate F function and RSV pathogenesis. This work highlights the need for additional studies on the role of F in RSV pathogenesis, specifically how small sequence changes can cause large alterations in pathogenesis.
